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Oncopeltus fasciatusAs extra-embryonic tissues, the amnion and serosa are not considered to contribute materially to the insect
embryo, yet they must execute an array of morphogenetic movements before they are dispensable. In
hemimetabolous insects, these movements have been known for over a century, but they have remained
virtually unexamined. This study addresses late extraembryonic morphogenesis in the milkweed bug, On-
copeltus fasciatus. Cell shape changes and apoptosis proﬁles are used to characterize the membranes as they
undergo a large repertoire of ﬁnal reorganizational events that reposition the embryo (katatrepsis), and
eliminate the membranes themselves in an ordered fashion (dorsal closure). A number of key features were
identiﬁed. First, amnion–serosa “fusion” involves localized apoptosis in the amnion and the formation of a
supracellular actin purse string at the amnion–serosa border. During katatrepsis, a ‘focus’ of serosal cells
undergoes precocious columnarization and may serve as an anchor for contraction. Lastly, dorsal closure
involves novel modiﬁcations of the amnion and embryonic ﬂank that are without counterpart during the
well-known process of dorsal closure in the fruit ﬂy Drosophila melanogaster. These data also address the
long-standing question of the ﬁnal fate of the amnion: it undergoes apoptosis during dorsal closure and thus
is likely to be solely extraembryonic.du (K.A. Panﬁlio).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
In nearly all insects, the early embryo is located inside of the egg: it
is covered by the two extraembryonic membranes and may also be
deep within the yolk. In the case of hemimetabolous insects, embryos
of all but a few derived or little-studied groups are positioned such
that the body is also upside down and backwards compared to the
axes of the egg (and ﬁnal embryonic axes), due to inversion
movements that occurred during early morphogenesis (reviewed in
Panﬁlio, 2008). Roughly halfway through embryogenesis, the
embryo's anterior–posterior (A–P) and dorsal–ventral (D–V) axes
are corrected by the event of katatrepsis, and the extraembryonic
membranes no longer cover the embryo. These morphogenetic
movements have been known to insect embryologists for a long
time (Wheeler, 1893), but their purpose had remained obscure
(Anderson, 1972; Sander, 1976).
There is now increasing evidence that the serosal membrane, the
outer extraembryonic cover during early development, serves a
number of protective functions at early stages (Berger-Twelbeck
et al., 2003; Chen et al., 2000; Gorman et al., 2004; Rezende et al.,
2008). Furthermore, it is also now clear that if the membranes coverthe early embryo, they must actively and fully withdraw, or the
independent event of embryonic ﬂank outgrowth for dorsal closure
will result in inappropriate body formation (Ando, 1955; Mori, 1975;
Panﬁlio et al., 2006; Sander, 1959, 1960; Truckenbrodt, 1979; van der
Zee et al., 2005). Thus far, understanding of how the morphogenetic
movements are accomplished has lagged behind these functional
investigations. Indeed, most information on the structure and
morphogenetic behavior of the serosa and the amnion, the inner
membrane, comes from classical investigations of gross morphology
and histology (e.g., Cobben, 1968; Mahr, 1960; Mellanby, 1936;
Rakshpal, 1962), or from a handful of ultrastructural studies (Dorn,
1976; Dorn, 1978; Enslee and Riddiford, 1981; Kelly and Huebner,
1989). As a consequence, interpretation of the functional studies has
been limited or conﬂicting for certain events (Panﬁlio, 2009; Panﬁlio
et al., 2006; van der Zee et al., 2005).
Thus, there is a need for elucidation of the manifold events that
comprise late extraembryonic development, via an approach that
affords cellular resolution and yet also takes into account the larger
epithelial and whole egg contexts. Of particular importance is the
organization at tissue-tissue boundaries between the serosa and the
amnion prior to and during katatrepsis, and between the amnion and
the embryo during dorsal closure.
In the model insect system Drosophila melanogaster, a single,
vestigial amnioserosa membrane covers the yolk and participates in
germband retraction and dorsal closure (Frank and Rushlow, 1996;
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but the embryo itself is never covered and is never repositioned
relative to the rest of the egg contents. In other words, fruit ﬂy eggs
never undergo katatrepsis, and the requirements for dorsal closure
are fewer compared even to other non-katatreptic, holometabolous
species that must effect dorsal closure from the starting arrangement
of two complete extraembryonic covers, a discrete amnion and
serosa (e.g., Handel et al., 2000; Raminani and Cupp, 1975, 1978;
Schmidt-Ott, 2000).
This study is a detailed examination of events in themilkweed bug,
Oncopeltus fasciatus. As a hemimetabolous insect that undergoes both
katatrepsis and dorsal closure, Oncopeltus eggs possess the full
complement of tissues and movements, and this species has been
the subject of some of the functional investigations cited above. The
primary data come from the ﬂuorescent visualization of cell shape
changes and of the tissues' spatiotemporal proﬁles for apoptosis in the
context of whole mount eggs. This examination of the wild type
situation is supplemented by time-lapse imaging and functional
investigation for some components. For these purposes, RNA
interference (RNAi) of the homeodomain transcription factor encod-
ing gene zen is a useful tool, as it completely blocks katatrepsis:
although amnion–serosa fusion to form the serosal window occurs
and the serosa is contractile, the window does not rupture and no
repositioning occurs (Panﬁlio, 2009).
The system for investigation – the physical components and the
morphogenetic events – is brieﬂy introduced here to establish the
scope of late extraembryonic development (based on: Butt, 1949;
Dorn, 1976; Heming and Huebner, 1994; Panﬁlio, 2009). The starting
point is the late germband stage embryo, which is still inside of the
egg, upside down and backward, and has completed germband
retraction, the latter being an event unrelated to late extraembryonic
development in most insects (Fig. 1A). The serosa is the outermost
cellular layer. It has already detached from its cuticle, and is a mature,
polyploid, squamous epithelial sack that contains all other egg
contents (Bedford, 1970; Roonwal, 1936; Slifer, 1932; Truckenbrodt,
1973). Within the serosal sack are the yolk, embryo, amnion, and
amniotic cavity. The amnion is joined to the embryo at the latter's
lateral margins, behind the head, and at the posteriormost extent of
the abdomen. Together, the embryo and amnion deﬁne the closed
space of the ﬂuid-ﬁlled amniotic cavity. At incipient katatrepsis stage,Fig. 1. Late extraembryonic development in a hemimetabolous insect: introduction to
the system. (A) Schematized micrograph of an Oncopeltus fasciatus egg at the incipient
katatrepsis stage, showing the relative topography of the different tissues and other
components. Note the two-part serosal window structure: the open black circles mark
the window perimeter where the amnion and serosa are joined; the line from the text
label (“SW”) points to the windowpane. (B) Schematic illustration of katatrepsis at
three stages, shown in mid-sagittal (left column) and three-dimensional (right
column) representations. Orientation is egg-anterior up and egg-dorsal right, as
indicated. A, antenna; Ab, abdomen; Am, amnion; Amc, amniotic cavity; Ch, chorion;
Em, embryo; H, head; Sc, serosal cuticle; Ser, serosa; SW, serosal window; T1–T3,
thoracic segments 1–3; Vm, vitelline membrane; Y, yolk. Schematics in panel B are
reproduced with permission from Panﬁlio (2008).the previously separate amnion and serosa come together at the
posterior egg pole, over the embryo's head, to form the serosal
window. From this starting point, katatrepsis ensues (Fig. 1B, Movie
S1 and Fig. S1). Sustained serosal tissue contraction ruptures the
serosal window, creating the opening through which the embryo and
amnion are pulled out of the yolk, over the posterior egg pole, and
onto the ventral and dorsal egg surfaces, respectively. Early, mid, and
late stages of katatrepsis are distinguished by the degree of
emergence of the embryo from the yolk: head and antennae, then
the legs, and ﬁnally the abdomen. At the completion of katatrepsis
(Fig. 1B, “late”), the serosa, which formerly occupied the entire egg
surface, has compacted into a small cap anterior–dorsal to the
embryo's head. The embryo is on the surface and its axes correspond
to those of the egg. At this time the amnion serves as the provisional
dorsal cover over the yolk. It is at this stage that the relative
topography of a hemimetabolous insect egg most closely resembles
the starting point in the fruit ﬂy egg. During dorsal closure, the
amnion and serosa are eliminated and extraembryonic development
is concluded.
Within this context, this study speciﬁcally addresses the formation
of the serosal window, the changing cellular structure at the amnion–
serosa border, organization within the serosa, the structure of the
amnion during dorsal closure, and the membrane's ﬁnal fates.
Materials and methods
O. fasciatus culture, RNA interference
O. fasciatus were maintained in a laboratory culture derived from
the stock at Carolina Biological Supply (Burlington, USA), following
the company's husbandry advice. Eggs were incubated at 25 °C, 68%
relative humidity.
Parental RNA interference was performed as described previously
(Panﬁlio et al., 2006). Double stranded RNA preparations of the 776-
bp 3′ RACE Of-zenmolecule “ds i”were injected into adult females at a
concentration of 2 μg/μl (5 μl total volume). As a negative control, 5 μl
of injection buffer only was used (5 mM KCl, 0.1 mM NaH2PO4, pH
6.8). Where eggs were ﬁxed at a stage younger than that which could
be scored for the knockdown phenotype, it was conﬁrmed that all
other eggs from the same pool had the phenotype.
Egg ﬁxation, staining, image acquisition and processing
Live eggs were submerged in phosphate buffered saline (PBS),
pricked ≥2 times with a ﬁne glass needle to permeablize the chorion,
and then ﬁxed overnight at 4 °C in 4% formaldehyde/ PBS. Following
manual dechorionation, eggs were ﬁxed an additional 30 min at room
temperature (RT), and then stored at 4 °C in PBS/ 0.1% Tween-20
(PBT) until use.
Eggs were variously stained for nuclei (Sytox Green, 5 nM
[1:1000]; or TOTO-3 iodide, 1 μM [1:1000], Invitrogen), ﬁlamentous
actin (phalloidin with a ﬂuorescein or Alexa Fluor-546 conjugate, 132
nM [1:50], Invitrogen), and apoptosis (anti-cleaved Caspase-3, 1:40,
Cell Signaling Technology; anti-rabbit secondary labeled with Alexa
Fluor-568, 1:500, Invitrogen).
Eggs that were labeled only with phalloidin and a nuclear
counterstain were stained for 1.75 h at RT and then washed 3× in
15 min. Immunohistochemistry to detect apoptosis followed the
previously described protocol, where nuclear stains and phalloidin
were used simultaneously with the secondary antibody (Panﬁlio,
2009). In both cases, eggs were then incubated in 50% PBT/ 50%
Vectashield mountant (Vector Laboratories, Burlingame, California,
USA) at 4 °C for ≥3 h before being transferred to 100% Vectashield for
mounting on glass slides. Stains were visualized with a Leica SP2
laser-scanning confocal microscope (Leica Microsystems, Heidelberg,
Germany). Images were processed in Photoshop as previously
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computed at http://www.physics.csbsju.edu/stats/ (site accessed
June, 2009).
Time-lapse imaging
Time-lapse imaging of unlabeled eggs was conducted in air with
brightﬁeld, transmitted light illumination and analyzed as previously
described (Panﬁlio, 2009). This method permitted recordings of
normal development, and wild type eggs were later able to hatch.
Results
Serosal window formation involves apoptosis within the ‘pane’ and
development of a supracellular actin cable at the perimeter
The serosal sack must open at the start of katatrepsis so that the
amnion and embryo can be pulled out. Furthermore, it is imperative
that connection to the amnion is maintained so that contraction by
the serosa achieves this reorganization. The serosal window is the site
both of connection of the amnion and serosa and then the site of
rupture at the initiation of katatrepsis (Fig. 1). Thus, there are two
requirements of the serosal window: that rupture occurs within the
window ‘pane,’ and that the perimeter of the window – the amnion–
serosa border – remains intact. The serosal window forms by “fusion”
of the amnion and serosa (Hagan, 1917; Knower, 1900; Rakshpal,
1962; Wheeler, 1893), but it has been unclear exactly what fusion
means. Thus far, it has been possible to observe that there is a
persistent, strong connection between the amnion and serosa at least
in the perimeter, in both wild type and Of-zenRNAi eggs, although
cellular detail had not been resolved (Panﬁlio, 2009).
Examination of whole mount specimens reveals that the amnion–
serosa border at the window perimeter develops as a supracellular
actin cable at incipient katatrepsis stage (Figs. 2A–D″, white arrows
in C′–D″). At the extended germband stage and during early
germband retraction, there is no apparent change in serosal cell
structure in the posterior region of the egg, although the tissue
between the head and antennae becomes stretched into a thin
webbing once the antennae have curled over the head (Figs. 2A′–B″,
red brackets). However, once germband retraction is complete, the
window perimeter becomes deﬁned as puncta of ﬁlamentous actin
(F-actin) appear and nuclei become arranged in a single dense row
(Figs. 2C–C″). At a slightly later stage, the F-actin has accumulated
into a continuous cable and the adjacent serosal cells, which have
become elongated along the A–P axis, also appear to be enriched in
F-actin at that border (Fig. 2D). Thus the serosal window perimeter is
visibly reinforced. Curiously, it is often the case during these stages
that the serosal cells in the posterior one-quarter to one-third of the
egg seem to have less cortical actin than more anterior serosal cells
(Figs. 2B, C, curly brackets).
Even prior to the appearance of a deﬁned window perimeter, the
windowpane matures to a single cell layer via apoptosis. Although
both the mature serosa and mature amnion are polyploid (Bedford,
1970; Knower, 1900), the nuclei are much larger in the former, and
thus the cells of the two membranes can be distinguished by size
(Figs. 2E, F). Apoptosis is speciﬁcally seen in the inner layer of smaller
cells and thus appears to be speciﬁc to the amnion (Figs. 2G–H″). This
localized death occurs during early germband retraction, before the
embryo's legs have folded medially and before the distal tips of the
antennal buds have descended and curled over the head (slightly
earlier than the stage shown in Fig. 2A). Although amniotic cell death
within the windowpane was detected in all specimens at this stage
(N=4), apoptosis was only ever observed in a few cells in any one
specimen. This suggests that elimination of the amnion from the
windowpane is a gradual process, but so, too, is the concurrent event
of germband retraction, which takes about 28 h to complete (=16 %of total developmental time, data not shown). However, amniotic
apoptosis is complete before the end of germband retraction, as
apoptosis within the serosal window was never detected at any later
stage (N=10; Fig. S2A–C″) despite the increased visibility of the
serosal window tissue as it is stretched taut over the embryonic tissue
(stage shown in Fig. 2B). Thus, the mature “serosal window” has a
pane that is indeed only comprised of serosal cells in a single cell layer,
due to programmed cell death of the inner, amniotic layer.
As mentioned above, knockdown of Oncopeltus zen (Of-zen) by
RNAi prevents rupture of the serosal window. Examination of the
cellular organization within the Of-zenRNAi serosal window, however,
reveals that amniotic apoptosis nonetheless occurs (Figs. S2D–E″).
Thus the failure of rupture is not due to maturation of the serosal
window in this regard, but may rather be due to previously described
topographical and biomechanical defects or to later cellular defects in
the serosa (Panﬁlio, 2009).
The actin cable of the amnion–serosa border has purse string capacity
Whereas the serosal windowpane is broken at the initiation of
katatrepsis, the serosal window perimeter persists throughout this
morphogenetic movement as the actin-reinforced amnion–serosa
border (Fig. 3, blue arrowheads). On the egg-ventral side, the side
onto which the embryo is pulled out of the yolk, the amnion–serosa
border is very close to the embryonic tissue, at the top of the head
(Figs. 3A, A′, B1, B1′, C, C′). The ventral border is also persistently
retarded in its anteriorward progress compared to its location on the
lateral or dorsal egg surfaces (Figs. 3B2–3, B3′), and the actin cable
appears thicker ventrally and laterally compared to dorsally
(Figs. 3B2′, B3′, compare red brackets demarcating 1-2 cell widths),
which may reﬂect the relative load on the serosa of the embryo
compared to the thin, monolayered amnion.
The supracellular actin cable structure of the amnion–serosa
border suggests that it might have purse string-like contractile
capacity (Jacinto et al., 2002b; Martin and Lewis, 1992), and this
possibility was investigated further. The amnion–serosa border
encircles the egg transversely, and therefore is perpendicular to the
direction of movement along the A–P axis during katatrepsis. Thus,
any contribution of purse string-like contractions would consist of
repeated contraction and relaxation events (complete contraction
would actually pinch the egg contents in two), and these might be
manifest in pulsatile movements. Examination of time-lapse movie
data shows that the progress of the embryo toward the anterior pole
varies during katatrepsis (Fig. S3). It is slow while the head rotates
anteriorly in early katatrepsis, most rapid during the smooth gliding
movement of mid katatrepsis (average rate=18.3 μm/min, although
there is four-fold rate variation between eggs), and then decelerating
during late katatrepsis. The early and late stages of katatrepsis are
marked by some back-and-forth movement of the embryo's head
position (Movie S1 and Fig. S3), which could be consistent with the
embryo being squeezed out of the yolk via repeated purse string-like
contraction-relaxation events. However, the majority of the embryo's
anteriorward progress is achieved during the rapid phase of mid
katatrepsis (Fig. S3 and Table S1), which is not characterized by such
movement, and which thus argues against a pulsatile, purse string
behavior as a primary agent in effecting katatrepsis.
However, perturbations of the wild type system reveal that indeed
the amnion–serosa border has the capacity to contract strongly and
completely (Fig. 4 and data not shown). In the Of-zenRNAi situation in
which the serosal window does not rupture, but rather persists intact,
it eventually contracts until it occupies almost no area on the egg
surface (Panﬁlio, 2009). Throughout this period, the amnion–serosa
border at the window perimeter is strongly enriched in F-actin and
possibly includes additional cell rows (Figs. 4A–D, A′–C′, white
arrows), and in later stages even accumulates additional F-actin
ﬁbers across the windowpane (Figs. 4B′–C′, magenta arrowheads). In
Fig. 2. The serosal window forms by perimeter reinforcement and windowpane apoptosis in the amnion. (A–D)Whole mount eggs in lateral aspect, from early germband retraction
to incipient katatrepsis stages, stained for F-actin (magenta) and nuclei (green). The arrowhead in panel A highlights an actin knot in the serosa (see main text below). The white
curly brackets in panels B and C highlight the posterior serosal region with lower levels of cortical F-actin. (A′–D″) Higher magniﬁcation of the corresponding posterior egg pole
region shown for F-actin (single prime letters) and nuclei (double prime letters). Extraembryonic tissue between the head and antennae is labeled with a red bracket; the forming
amnion–serosa border is labeled with arrows. (E–F) Cells of the serosa and amnion, respectively, shown at the same magniﬁcation and taken from a sagittally sectioned retracting
germband embryo. (G–H) Whole mount eggs in egg-dorsal and lateral aspect, respectively, at early germband retraction, stained for apoptosis (red), F-actin (green), and nuclei
(blue). (G′–H′) Corresponding single channel images for the apoptosis stain. (G″–H″) Corresponding high magniﬁcation images of the posterior egg pole, highlighting
extraembryonic death in the amniotic cells of the forming serosal window ‘pane.’ All images are oriented with egg-anterior up except panel F, in which egg-anterior is right and egg-
dorsal is down; egg-dorsal is right in lateral images; image aspect is indicated in the bottom left corner of image panels (D, dorsal; L, lateral). Abbreviations as given above, and
additionally: Hl, head lobe. Scale bars are 250 μm (A–D, G–H′), 100 μm (A′–C″), 50 μm (D′–D″, E–F, G″, H″).
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window perimeter also exhibits periodic constriction and relaxation,
during which strong contraction can reduce window area by about
50% in a matter of a few minutes (Figs. 4E, E′).
The entire serosa is contractile, and contraction is directed toward a
‘focus' of anterior-ventral columnar cells
Whereas contraction by the amnion–serosa border may at best be
accessory in effecting katatrepsis, contraction of the entire serosal
membrane is essential in repositioning the embryo and amnion and incompacting the serosa itself into a small anterior–dorsal cap (Fig. 1B).
This is achieved by apical constriction of the serosal cells and their
consequent change from squamous to columnar shape (Fig. 5). For the
most part, the reduction in apical surface area is uniform throughout
the serosa,with the notable exception of the ventral egg surface during
early and mid stages (Figs. 5A–D′). At this time, a small anterior–
ventral region of the serosa is distinguishable as a ‘focus’ of cells with
particularly limited apical surface area compared to adjacent cells
(Figs. 5B, C, red brackets, E–E3 and F–F1). This focus of cells constitutes
a region of precocious columnarization, marked by a shift in nuclear
position away from the apical surface of the cell (compare Fig. 5G1
Fig. 3. The amnion–serosa border is an asymmetric supracellular actin cable during katatrepsis. (A–C)Wholemount eggs at three time points during early andmid katatrepsis, stained
for F-actin (magenta) and nuclei (green), with the supracellular actin cable at the amnion–serosa border (blue arrowheads), a secondary actin cable in the amnion (orange
arrowheads), and an instance of A–P compression of serosal cells (green curly bracket, see also Fig. 5) indicated. (A′–C′) Corresponding highmagniﬁcation images of the supracellular
actin cable at the amnion–serosa border. Note that at early katatrepsis the amnion is still tucked in the yolk and is not visible ventrally between the head and serosa (A′). Red brackets
(B2′, B3′) highlight variation in cable thickness, which is thinner on the dorsal surface. Anterior is up in all images, and aspect is as indicated (D, dorsal; L, lateral; V, ventral). Images
labeled with the same letter are of the same egg. Additional abbreviations: Lb, labium; Lr, labrum; Vnc, ventral nerve cord. Scale bars are 250 μm (A–C), 100 μm (A′–C′).
Fig. 4. The amnion–serosa border has purse string-like contractile capacity. (A–C, A′–C′) Whole mount Of-zenRNAi eggs (“zen”) at three time points, with increasingly small serosal
windows characterized by increasing F-actin accumulation (magenta; nuclei: green). Images A′–C′ are partial confocal projections. (D) As in wild type, the zenRNAi serosal window
perimeter is clearly reinforced by a supracellular actin cable. The serosal window perimeter is indicated with white arrows (A′–C′, D); increased F-actin within the windowpane is
highlighted by magenta arrowheads (B′, C′). (E–E′) The window perimeter exhibits strong, repeated instances of dilation and constriction (time in minutes and relative surface area
for: starting point, green; dilation, yellow;maximum contraction, red; relaxation, blue) before it constricts completely from the egg surface (data not shown). Egg-anterior is up in all
views, and aspect is as indicated. Scale bars are 250 μm (A–C), 100 μm (A′–C′, D, E′), 200 μm (E).
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Fig. 5. Serosal cell contraction involves apical surface constriction, including non-uniform components during early and mid katatrepsis. (A–D) During katatrepsis, F-actin staining
to visualize cell outlines shows a marked progressive reduction in apical cell surface area as the membrane contracts from a cover over the entire egg surface to a small anterior
cap. (A′–D′) The insets, taken from the corresponding boxed regions, are all at the same scale, to emphasize the change from a squamous epithelium to a cap of tightly packed cells.
(E–E3, F–F1) Non-uniform apical contraction of the serosa includes the formation of an anterior-ventral ‘focus’ of cells with particularly limited apical area (insets E2 and F1, taken
from corresponding boxed regions in E and F) compared to neighboring serosal tissue (E1, E3). (G–G3, H) The focus results from precocious columnarization, marked by increased
cell height and apical F-actin enrichment (G1) and by basal location of the nuclei (H) at a time when the serosa is still squamous in other regions (G2, G3, H). (I–I1) However, by
late katatrepsis all serosal cells have become columnar. Inset in panel I1 shows the F-actin stain alone for the indicated boxed region. (J, K) Another non-uniform feature is the
appearance of longitudinally compressed cells on the ventral surface (green bracket), between the amnion–serosa border (blue arrowheads) and the focus, which is consistent
with a contractile wave emanating from the amnion–serosa border. Such a wave is also visible in panels B–B′. Anterior is up unless otherwise indicated, and image aspect is as
indicated. Stains are for F-actin (white, magenta) and nuclei (green). All images are confocal projections except panels G1–3, H, and I1 are optical sections. Boxed regions on whole
mount images indicate the region shown in insets identiﬁed with a letter-prime or letter-number designation. The four images (E1–3, K) are labeled consecutively from anterior to
posterior. Note that panel K is the posteriormost boxed region in panel E and approximately corresponds to the boxed region in panel J of the same embryo. Across images,
symbols are: blue arrowhead, amnion–serosa border; orange arrowhead, secondary amniotic F-actin cable; red straight bracket, anterior–ventral focus; green curly bracket, wave
of longitudinally compressed cells. Scale bars are 250 μm for whole mounts (E, F, G, H inset, I), 50 μm for insets (A′–D′, shown in E1 for E1–E3 and K, F1, shown in G1 for G1–G3, H,
I1, J).
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There is a relatively abrupt cell shape change compared to neighboring
serosal cells in terms of the degree of columnarization, particularly in
the anterior region (Fig. 5H). However, by late stage katatrepsis, the
distinction of a focus is lost, and all cells have comparable levels of
apical constriction and columnarization (Figs. 5D–D′, I–I1).
A second way in which the early-mid katatrepsis serosa is
heterogeneous pertains to the ventral egg surface area between the
focus and the amnion–serosa border. Here cell shapes are quite
variable, and the occurrence of transversely stretched/A–P com-
pressed cells is consistent with a wave of contraction passing
anteriorly through the tissue from the amnion–serosa border toward
the focus (compare Figs. 3B1 and 5B–B′, J–K, green curly brackets).Individual specimens differ in the position of the A–P compressed
serosal cells between the border and the focus, indicating that these
cell shapes are transient and dynamic. Furthermore, younger stages
(Figs. 5B–B′) can be observed with these compressed cells at a more
anterior position – farther from the amnion–serosa border as inferred
source of initiation – than some older stages (Figs. 5J, K), suggesting
that this manner of cell shape change recurs.
If the focus of anterior–ventral columnar cells has a distinct
identity from the rest of the serosa, then there ought to be a unique
population of serosal cells that can be distinguished, possibly
morphologically, prior to katatrepsis. Although inspection of eggs at
germband retraction stage showed no alteration from a squamous cell
shape at this position (Fig. 6A), there is a population of cuboidal cells
Fig. 6. The ‘focus’may arise from cells at the anterior pole, but in the absence of rupture serosal cells exhibit stochastic, local contraction. Stains are for F-actin (magenta) and nuclei
(green). (A–B′) Wild type (WT) germband stage eggs have a population of rounded serosal cells at the anterior egg pole (white arrows), which may, due to ventral tissue
displacement at the start of katatrepsis, become the ‘focus’ of cells that columnarizes early (B–B′ are from the whole mount egg shown in Fig. 2A). (C–D″) Of-zenRNAi eggs also have
rounded anterior cells at germband stages (C–C′: white arrows). But these eggs never undergo membrane rupture and at later stages (D), although the anterior cells remain
somewhat thicker than adjacent tissue (D′: curly bracket), there is no evidence of columnarization as in the wild type focus, either in this location (D′) or on the anterior ventral
surface (D″, from the boxed region in D). (E, F) Rather, as the zenRNAi eggs age beyond the katatrepsis stage, their serosas exhibit increasing numbers of actin knots, where individual
serosal cells have fully constricted their apical surfaces and dropped below the plane of the epithelium, and have an irregular rosette of surrounding, neighboring cells. The
micrograph in panel E′ is a confocal projection over a 40 μm stack with an optical section step size of 5 μm. In panel E′, colored rings around these knots indicate the extent to which
the cell's nucleus is still visible (green, present; orange-dashed line, faintly visible; red, not detectable). Images identiﬁed with the same letter are of the same egg. Anterior is up
unless otherwise indicated, and image aspect is as indicated. All images are confocal projections except panels B′, C′, and D′ are optical sections. Scale bars are 250 μm (A, D, E), 50 μm
(A′, B, C), 100 μm (E′). Statistical test values in panel F are for unpaired Student's t-tests, with the following abbreviations: DoF, degrees of freedom; gb, germband stage; incip,
incipient katatrepsis stage; kata, katatrepsis age; late, after katatrepsis age; WT, wild type; young, germband + incipient stages; zen, zenRNAi. Stage/age deﬁnitions follow Panﬁlio
(2009). Signiﬁcance notations: NS, not signiﬁcant; ⁎Pb0.05; ⁎⁎Pb0.01. In total, 45 WT (gb: 18, incip: 15, kata: 12) and 46 zenRNAi (young: 15, kata: 19, late: 12) eggs were examined,
with all surface areas (left, right, dorsal, ventral) represented.
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B–B′). Inspection of time-lapsemovie data reveals that at the initiation
of katatrepsis there is a displacement of the serosa and serosal sack
contents that initially occurs in a dorsal-to-ventral direction over the
anterior egg pole (i.e., toward the emerging embryo; Movie S1, data
not shown). Thus, the cells at the anterior polemay then constitute the
anterior-ventral focus due to tissue displacement, and from an initially
domed shape they may go on to columnarize before the rest of the
(squamous) serosa.
Although the focus is the site toward which the serosa contracts
(note ventral bias of the amnion–serosa border in Fig. 3B2) and the
rounded cells at the anterior pole may be the source material for the
focus, the presence of these cells is not sufﬁcient for directed serosal
contraction. In Of-zenRNAi eggs, as in wild type, there is no pre-rupture
focus of columnar cells but there is the population of rounded cells at
the anterior pole (Figs. 6C–C′). Of-zenRNAi eggs never undergo serosal
window rupture, and columnar serosal cells were not observed at
later stages (Figs. 6 D–D″), yet the serosa manages to contract
ectopically (Panﬁlio, 2009). However, this ectopic contraction is far
less organized than that which occurs during wild type katatrepsis,
and serosal cell shapes become highly irregular. One feature of this
irregularity is the prevalence of actin “knots” throughout the serosa,
where individual serosal cells appear to have dropped out of the
epithelial surface due to complete apical constriction (Figs. 6E–E′).
Whereas actin knots are relatively rare in the wild type serosa,
Of-zenRNAi eggs exhibit signiﬁcantly more knots, and their prevalence
increases still further after katatrepsis age, during the time of peak
ectopic contraction (Fig. 6F). Thus, it appears that serosal cells possess
autonomous contractility that becomesmanifest in a stochastic way in
the absence of the normal ordering context of an anterior–ventral
focus and a mobile, trailing ‘edge’ at the amnion–serosa border.
The compaction of the serosa to form the dorsal organ, and its
subsequent degeneration, are highly organized
After katatrepsis, the contracted serosal cap is displaced dorsally
by the embryo's head (compare Figs. 3B2, 5I–I′, and 7A). Now that the
embryo has fully emerged from the yolk and its A–P axis corresponds
to that of the egg, the serosa has completed its late extraembryonic
function. It goes on to compact still further, forming a structure that is
now called the dorsal organ, and this structure then degenerates
within the dorsal yolk in the back of the head. Our data primarily
provide a more complete account of the epithelial reorganization
required to make the transition from an external cap to the
internalized ellipsoid, where the latter structure has already been
described from histological and ultrastructural preparations (Butt,
1949; Cobben, 1968; Dorn, 1978; Enslee and Riddiford, 1981;
Mellanby, 1936).
In summary, the serosal cap inverts. As an external, hat-shaped
structure, it is characterized by a thick brim – the ever-present
amnion–serosa border – and by a newly developed central depression
in the peak (Figs. 7A–B1). At this stage, the amnion–serosa border
becomes a prominent multicellular structure that protrudes from the
surrounding tissue with curled edges and that elaborates to
incorporate additional cell rows (white curly brackets, exact number
of cell widths unclear). Meanwhile, the central depression involves an
apical constriction that is typical of an incipient invagination event
(white arrowheads). Despite this impression, the dorsal organ does
not form by simple invagination, but rather by the apical constriction
of the ring of serosal cells just within the brim, creating a deepening
trough between the external brim and the sinking cap (Figs. 7C–E1).
Eventually, however, what had been the central peak of the hat
becomes the most deeply invaginated part (data not shown; Panﬁlio,
2009). The amnion–serosa brim then folds inward as the contracting
serosa/ dorsal organ fully internalizes (Figs. 7F–F1). Altogether,
internalization is an orderly process whereby the adjacent amniotictissue is drawn over the serosa via the intact boundary between the
two tissues, despite concomitant apoptosis in the outer serosal edge
(Figs. 7F–F1). Ultimately, the entire dorsal organ undergoes extensive
apoptosis in the back of the head (Figs. 7G–G1), although apical
constriction around the organ's hollow core is still marked by F-actin
(Fig. 7G2, arrow). At this very late stage of dorsal closure (more
below), the amnion that had initially roofed over the dorsal organ also
becomes enclosed in the head capsule and also undergoes apoptosis,
just below the epidermis at the dorsal midline (Figs. 7G–G2,
arrowhead). These reorganizational events are depicted schematically
in Fig. 7H.Dorsal closure involves segmental specialization in the amnion and a
novel embryonic ﬂank organization
Embryonic dorsal closure has been extremely well studied in
Drosophila, where it involves the interplay between the leading edge
cells of the embryonic ﬂanks and the single extraembryonic tissue, the
amnioserosa (discussed below). In the case of Oncopeltus, this event
occurs simultaneously with dorsal organ formation and degeneration,
and involves both the dorsally extending embryonic ﬂank and the
amnion in its role as provisional dorsal cover over the yolk. Compared
to Drosophila, we ﬁnd that Oncopeltus dorsal closure exhibits a
number of unusual features.
The entire process of dorsal closure is relatively slow, taking 18.9 h
to complete at 25 °C, or 11.2% of embryogenesis (Table 1, Fig. S4 and
Movie S2). This period can be subdivided into three phases, each
characterized by different activity, as seen in time-lapse recordings.
Phase I is marked by periodic waves that initiate when the posterior
abdomen is thrust dorsally, causing a wave of constriction to pass
anteriorly through the amnion. On average, these waves initiate every
11.4 min (N=130 waves, 3 embryos) over an interval of N9 h,
constituting about half of the dorsal closure period. At 2.0 h, Phase II is
brief and involves smooth, relatively rapid dorsalward extension until
the left and right ﬂanks are nearly apposed. Lastly, Phase III involves the
almost imperceptible joining of the ﬂanks, or closing of the seam, at the
dorsal midline over the last 6.2 h.
During Phase I, the initially uniform amnion, characterized by cell
arrangements in whorls throughout the tissue (Figs. 8A–A″, white
curly bracket), acquires distinct, bilateral, segmental structures in the
thorax (Fig. 8B). Initially the six clusters (left and right, T1–T3) are
between the embryonic ﬂank and the dorsal midline (Figs. 8B–E). The
clusters then converge at the midline to form a single cluster per
thoracic segment by Phase III (Figs. 8F, 9F, and Fig. S5A–D). The
“clusters” are distinguishable both by the accumulation of F-actin and
by the occurrence of apoptosis. The time course seems to be that T1
and T3 clusters ﬁrst arise, with the T2 left and right clusters
consistently later to form (Fig. 8E′; 83%, N=6). Subsequently, the
peak of apoptosis appears to occur before the peak of punctate F-actin
(compare caspase and F-actin stains: Figs. 8F–H). Outside of the
thoracic cluster region, the amniotic cells are relatively uniform in
shape, with transversely stretched/longitudinally (A–P) compressed
cell outlines (Figs. 8E′–E″, 9A).
Such segmental clusters are not observed in the abdomen. Rather,
the posteriormost abdomen closes in a relatively uniform fashion,
with many small midline puncta of F-actin and of apoptosis (Figs. 8F–
G, 9B–C, curly brackets). The anterior abdomen (segments 1–3) does
acquire more discrete midline clusters of F-actin and apoptosis during
Phase III, but: they are small and have never been seen to arise
bilaterally, they are not clearly in segmental register, and the
apoptosis and F-actin clusters are not in register with one another
(Fig. 9C, arrowheads, and Figs. S5E, F). Curiously, amniotic F-actin
levels are lower in the anterior abdomen than in the thorax or more
posterior abdomen (Figs. 8D, E, curly white brackets). Similar to the
abdomen, the head and gnathal region also seem to close in a uniform,
Fig. 7. The serosa compacts to form the dorsal organ via a complex series of folding events. Stains are for F-actin (magenta, A–B1; green, C–G2), nuclei (green, A–B1; blue, C–G2), and
apoptosis (red, F–G2). (A–B1) As the serosa ﬁrst forms the dorsal organ, it is characterized by a central invagination-like depression (white arrowheads) and by a thick, multicellular,
curled brim at the amnion–serosa border (white curly bracket). (C–E1) However, the folding of the dorsal organ primarily involves apical cell constriction just inside of the amnion–
serosa brim edge (white arrowheads), creating a deepening trough. (F–F1) Slightly later, the central depression has more fully invaginated, the cells about to enter the depression
exhibit apoptosis, and the amnion–serosa brim has become smoother and drawn inward (white arrowheads). (G–G2) Transverse (trans.) confocal projections through the head at a
late stage of dorsal organ (“Do”) degeneration, characterized by high levels of apoptosis (G1) around a still contracting, central, hollow core that is delimited by F-actin (G2, green
arrow). Here the white arrowheads indicate the dorsal midline. (H) Schematic representation of dorsal organ formation from egg-dorsal view, based on micrographs in B1, D1, G2,
and Panﬁlio (2009). Anterior is up in all images except panels G–G2, and image aspect is as indicated. All images are confocal projections except panels A1–F1 are optical sections.
Scale bars are 100 μm for all images except 50 μm for panels B–B″ and G1–G2).
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Table 1
Dorsal closure (Dc) phases' durations in hours (mean±standard deviation) and as a
percentage of total dorsal closure duration, for development at 25 °C.
Dc phase N Duration % Dc
I. Waves 10 9.28±2.02 53.0
II. Smooth 7 2.00±1.33 11.4
III. Seam 3 6.22±2.33 35.5
Total 3 18.90±2.43 100.0
Note that the variation in sample size between phases reﬂects the fact that not all
phases were clearly discernible in all ﬁlmed embryos. The entire process, therefore, was
only recorded in three cases (hence the discrepancy between the “Total” values, from
those three embryos, and those that would be obtained by summation of the average
durations of the three phases, which was the ﬁgure used to calculate a percentage of
dorsal closure duration for each phase).
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pacted and has been internalized.
During late, Phase III dorsal closure, disintegrating nuclei co-
localize with the apoptosis marker just below the dorsal midline. The
puncta of F-actin are located at the midline, dorsal to the dying nuclei.
Thus, the amniotic cells may be inferred to have a bottle shape due to
extreme apical constriction, although at this stage of contraction and
degeneration the entire cell outline is no longer discernible by F-actin
staining (Fig. 10, e.g., D1). Lateral to the amnion are the cells of the
embryonic ﬂanks, which are chieﬂy a single cell layer, but with an
underlying layer of pairs of cells at more lateral positions (e.g., Figs.
10A1, B1, D1, white lines).
A ﬁnal notable feature of Oncopeltus dorsal closure is that there are
“racing stripes” in the embryonic ﬂank throughout Phases I-III (Figs.
9A, C–G, 10C–C1). They are always one cell wide (Figs. 9D, E), run the
full A–P length of the embryo's back (Figs. 8D–H), and are set back
from the true leading edge cells (Fig. 9F). The racing stripe structure
includes F-actin cables on both the left and right (medial and lateral)
sides of the cells (Figs. 9C–E, G). In contrast, the leading edge cells lack
a clearly organized medial boundary and consist of closely packed,
cuboidal cells (Figs. 9F, 10A1–D1), and the demarcation of embryo
and amnion is not obvious (Figs. 9A, G).
Discussion
This study is a ﬁrst elucidation of wild type phenomena
throughout late extraembryonic morphogenesis in a hemimetabolous
insect, with supporting functional and comparative data. These
ﬁndings address outstanding questions in the literature as well as
provide new information about previously unexamined phenomena
pertaining to the serosa and amnion during katatrepsis and dorsal
closure. Determination of the cellular structure of the serosal window
resolves a classical embryological ambiguity as to the nature of
amnion–serosa fusion and thereby provides data relevant to the
interpretation of recent zenRNAi studies. The manner of serosal
contraction, with attendant changes in ﬁlamentous actin patterns
and cell shapes, is described here for the ﬁrst time. Regarding the ﬁnal
fates of the serosa and amnion, the process by which the serosa
compacts to form the dorsal organ was not previously known, and the
determination of amniotic degeneration via apoptosis addresses a
decades-old question in the literature. Lastly, we discovered that
dorsal closure in Oncopeltus involves novel behaviors and epithelial
structures compared to the well-studied event of Drosophila dorsal
closure. The properties of the serosa and the amnion, and the event of
dorsal closure, are considered in greater detail below.
The serosa is the workhorse that drives katatrepsis and its own
degeneration
Ultrastructural investigations were in conﬂict about which
membrane actively contracts to effect late extraembryonic mor-phogenesis (cf., Dorn, 1976; Enslee and Riddiford, 1981). Kinematic
analyses suggest that strong, sustained contraction by the serosa
causes rupture of the serosal window and the progression of
katatrepsis; and in the absence of rupture, the serosa is still
capable of ectopic contraction (Cobben, 1968; Panﬁlio, 2009). Our
data conﬁrm the inherent contractility of the serosa. Consolidation
of the serosa into an anterior cap results from marked reduction in
apical cell surface area (Fig. 5). Further, the active role of the
serosa is revealed by the increased frequency of autonomous
contraction by individual serosal cells (actin knot formation) when
global tissue contraction is prevented (Fig. 6). Still later, apical
constriction of cells within the serosal cap initiates dorsal organ
formation (Fig. 7).
From incipient katatrepsis through dorsal organ formation, the
most prominent extraembryonic structure is the supracellular actin
cable at the amnion–serosa boundary. It is the perimeter of the serosal
window and forms hours before katatrepsis (Fig. 2). During
katatrepsis it is a distinct boundary between the amnion and serosa
(Fig. 3). In related species, it is readily apparent in scanning electron
micrographs or even by light microscopy (Cobben, 1968; Kelly and
Huebner, 1989). Asymmetries in the border (Fig. 3) are consistent
with the ventral embryo constituting a passive load on the contracting
serosa. Later, the thickened border comprises a scaffold during early
dorsal organ formation, when the serosa folds inward from just inside
this border region (Fig. 7).
In addition to connecting the serosa to the amnion (and embryo),
the supracellular actin cable also has potential purse string contractile
capacity. Transverse contractions from the amnion–serosa border are
not normally observed during Oncopeltus katatrepsis, but are revealed
under perturbed conditions and occur in other species during normal
development (Fig. 4, data not shown; Cobben, 1968). In the case of Of-
zenRNAi perturbation, particularly at later stages when F-actin levels
within the serosal windowpane increase (Figs. 4B–C′), contraction of
cells within the windowpane may contribute to the whole-window
constrictions (perhaps analogous at the tissue level to medial apical
constriction of individual cells; Martin et al., 2009). However, at
earlier stages (Figs. 4A–A′, D) and in systems where the window has
ruptured (data not shown) such contraction can be attributed to the
amnion–serosa border actin cable. It is possible that subtle purse
string contractions during normal Oncopeltus katatrepsis have been
missed due to current optical limitations to live imaging. Transverse
contractions from the border are suggested by the dynamic ‘waves’ of
cell shape changes in the serosa (Figs. 3B1, 5B–B′, J–K, green curly
brackets) and waves were also observed previously in related species
(Cobben, 1968).
Thus, during katatrepsis the amnion–serosa border serves as a
restraining inﬂuence that maintains tissue continuity over the egg
surface and that may have an accessory contractile function. Such a
dual role in purse string-like contraction and in restraint has also been
inferred for the supracellular actin cable at the embryonic leading
edge during Drosophila dorsal closure (Jacinto et al., 2002a). We have
supposed this potentially contractile tissue border to be an attribute of
the inherently contractile serosa. Furthermore, like the entire serosa
but in contrast to the majority of the amnion, the border region
expresses Of-zen (Panﬁlio et al., 2006). However, future examination
will be needed to ascertain the relative contributions of the amnion
and the serosa to the border, particularly when it thickens at later
stages (Figs. 7A, B).
Serosal contraction is not uniform, as an anterior–ventral ‘focus’ of
cells becomes columnar before the surrounding cells have changed
appreciably from a squamous shape (Fig. 5). Due to ventral tissue
displacement at the start of katatrepsis (data not shown), the focus
may derive from rounded serosal cells at the anterior egg pole (Fig. 6).
These cells lie below the ring of micropyles on the chorion, and by
location and cell shape may correspond to specialized serosal cells
that function in physiological regulation; more generally there is a
Fig. 8. Oncopeltus dorsal closure proceeds from posterior to anterior, and includes a speciﬁc amniotic apoptosis proﬁle. Whole mount visualizations of F-actin (magenta, A–B; green,
C–H), nuclei (green, A–B; blue, C–H), and apoptosis (red, C–H). (A–A″) Initially, the amnion is relatively uniform, with transversely elongated cells characterized by transverse stress
ﬁbers (magenta arrows in A″), some of which are arrayed in whorls (curly bracket in A″). (B–E″) Later, bilateral clusters of F-actin and of apoptosis arise in the amnion in the region of
the three thoracic segments. The left and right T2 clusters arise later than those of T1 or T3 (E′, clusters marked with dashed line circles). Note that in panel C, the apoptosis antibody
negative control, there is a suggestion of an additional cluster pair in the ﬁrst abdominal segment, but this was not observed in any other specimen. The unlabeled white curly
brackets in panels D–E highlight the anterior and mid abdominal region with lower levels of cortical F-actin. During mid dorsal closure (D–E), the dorsalmost posterior embryonic
region is characterized by high levels of apoptosis in a V-shaped pattern (see also Fig. 9B). Thin, transverse actin stress ﬁbers still traverse the amnion (E″: magenta arrows). (F–H)
Still later, the thoracic clusters converge at the dorsal midline, with the peak in apoptosis levels (F–G) slightly preceding the peak in midline levels of small puncta of F-actin (H).
Meanwhile, closure of the posterior abdomen is characterized by an advancing streak of F-actin puncta and of apoptosis (F–G: red curly brackets). Anterior is up and all images are in
dorsal aspect except panel A in lateral aspect, with dorsal right. Images A″ and E″ correspond to the boxed regions in images A′ and E′, respectively. Scale bars are 250 μm (A–H′),
150 μm (A′), 50 μm (A″, E′), 25 μm (E″).
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1968; Mellanby, 1936; Mori, 1970, 1972). Columnar serosal cells are
never seen in Of-zenRNAi eggs, but these eggs do have rounded anterior
serosal cells (Fig. 6). Thus, columnarization may be triggered by
rupture at the start of katatrepsis, perhaps due to a mechanical cue.
Alternatively, the focus could arise at katatrepsis from a portion of the
serosa that is initially morphologically indistinguishable. In this case,
how are those cells determined? In the absence of organized tissue
contraction, individual cells increasingly contract and drop out of theepithelium (Fig. 6, the actin knots discussed above), and thus the
focus may serve as an anchor that provides directionality to serosal
contraction.
In wild type Oncopeltus eggs, the frequency of actin knots in the
serosa is highest at the germband stage (Fig. 6F, 3× the prevalence
of incipient or katatrepsis stages, e.g., Fig. 2A, arrowhead). This
coincides with the time of early serosal window formation (Fig. 2)
and with a baseline contraction of the serosa away from the
posterior egg pole (Mahr, 1960; Panﬁlio, 2009). One possibility
Fig. 9. Dorsal closure proceeds differently along the A–P axis, and involves a “racing stripe” structure in the embryonic ﬂank. (A) Mid dorsal closure embryonic ﬂank-amnion
arrangement on the left side, for segments T3-Ab1 (same egg as in Fig. 8E). (B) The closing posterior abdomen of the same embryo, with dorsal midline F-actin puncta in a continuous
array and transverse actin stress ﬁbers spanning the amniotic region. (C) Late dorsal closure stage (same embryo as in Fig. 8F) is characterized by large segmental clusters of
apoptosis (red) and F-actin (green) in the thorax, a continuous streak in the posterior abdomen (curly brackets), and smaller, irregularly spaced clusters in the anterior abdomen
(arrowheads). (D–G) Lateral to the dorsal midline are “racing stripes” in the embryonic ﬂank (double-headed arrows). They are a single cell wide, with supracellular actin cables
spanning both the medial and lateral sides (D–E, optical sections: subset of G), as well as anterior–posteriorly oriented actin ﬁlaments in the apical cell region (G, surface view:
confocal projection of upper 14.5 μm). These structures are set back from the true leading edge embryonic cells (F: compare position of small, embryonic nuclei, arrows, with the
racing stripes, double-headed arrows). Although the embryonic cells closer to the midline seem somewhat elongated on the lateral-medial axis, they are still small and cuboidal,
similar to more lateral embryonic cells on the other side of the racing stripe (G). Anterior is up unless otherwise indicated, and all images are in dorsal aspect. Images in panels D–E
and G are of the same egg as in panel C. Scale bars are 25 μm (A), 50 μm (B, shown in G for D-E), 100 μm (C, F).
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serosa, a possible force for serosal window formation, is achieved
by the gradual winching up of the membrane as cell number is
reduced through the basal extrusion of individual cells, a
phenomenon that also occurs in the contracting amnioserosa
during Drosophila dorsal closure (Gorﬁnkiel et al., 2009; Kiehart
et al., 2000).
Dorsal organ formation has already been mentioned with respect
to apical serosal constriction and the structural frame provided by the
amnion–serosa border. As a ﬁnal comment on the role of the serosa,
this complicated folding process is not necessary for the simple
degeneration of an extraembryonic tissue that has become dispens-
able, as it could degenerate in situ or sink into the yolk without
reorganization. Rather, as illustrated in Fig. 7H, dorsal organ formation
is a means of (a) avoiding inappropriate uptake of yolk into the dorsal
organ cavity, and (b) pulling the ﬂanking amniotic tissue in its stead to
replace it, ensuring continuity of tissue over the yolk.The apoptosis proﬁle of the amnion reveals spatial precision of cell death
during multiple late extraembryonic events
The mechanism of amnion–serosa fusion to form the serosal
window had been unclear, with cell intercalation (van der Zee et al.,
2005), simple apposition of two cell sheets (Dorn, 1976; Mahr, 1960),
local cell migration, or local cell death as possibilities. In Oncopeltus, it
appears that the window becomes a single cell layer due to the
gradual apoptosis of amniotic cells (Fig. 2), and thus the “serosal
window,” so named for its external appearance, truly is composed
only of serosal cells. Given that window formation occurs at a time of
increasing compression of the serosal sack (discussed above), the
importance of maintaining the sack as a closed system argues against
the feasibility of amnion–serosa cell intercalation, with the attendant
disruption of cell–cell junctions, as a viable mode of window
formation. The mechanics of membrane rupture have not been
explored in non-katatreptic species, such as the beetle Tribolium
Fig. 10. Transverse sections at late dorsal closure reveal the degree of amniotic apical cell constriction and degeneration by apoptosis. Dorsal is up in all sections. (A–E) Transverse
sections at progressively more posterior positions, from head to abdomen, as indicated, where panel E is the apoptosis antibody negative control. Approximate A–P positions of the
sections are indicated with white lines on the dorsal surface image at lower right. (A1–D1) Higher magniﬁcation images at the dorsal midline of the corresponding sections. Double-
headed arrows indicate the epidermal racing stripes in the ﬂank (C1). White lines highlight pairs of cells that underlie an otherwise single cell layeredmedial ﬂank structure (A1, B1,
D1), and which might be cardioblasts (Rugendorff et al., 1994). In the amnion, although there is some overlap between the apoptosis marker and apical F-actin, the nuclei are
disintegrating at a more basal position (e.g., D1). Scale bars are 50 μm (A, A1–D1), 100 μm (B–E′).
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2005), and the mechanism of window formation may differ. Yet, in
Oncopeltus epithelial rearrangement is necessary for joining of the
amnion and serosa at the window perimeter, and this awaits
investigation in terms of cell–cell junction remodeling and of amnion
differentiation into apoptosing windowpane, adhering window
perimeter, and remaining epithelial domains. Meanwhile, within
Oncopeltus it seems to be the case that the zen gene does not play a
role in serosal window formation (Fig. S2), contrary to recent
interpretations (Panﬁlio et al., 2006; Raﬁqi et al., 2008). Furthermore,
as the portion of the amnion relevant to window formation undergoes
apoptosis, it is distinct from a small region of the amnion that later
expresses Of-zen (Panﬁlio et al., 2006).
During katatrepsis, the amnion everts as it is pulled out of the yolk
and onto the egg surface, all the while maintaining a tight connection
to the contracting serosa and to its embryonic cargo. Thus, the amnion
is important at this stage as a passive, plastic epithelium. The
mechanical demands thus placed on the tissue are manifest in F-
actin organization, which includes many transverse stress ﬁbers
running through the tissue at both katatrepsis and early dorsal closure
stages (e.g., Figs. 3B3′, 8A″, E″), as well as an actin cable near the
amnion–serosa border cable (Figs. 3, 5, orange arrowheads). The
amniotic actin cable seems to correspond to an initial “ﬂexing limit” as
the tissue everts (Cobben, 1968; Truckenbrodt, 1979), and coincides
with the aforementioned small region of amniotic Of-zen expression
(Panﬁlio et al., 2006). Thus, Zen in this species may function in
regulating structural support or accessory contractile force during
morphogenesis, rather than in tissue speciﬁcation or identity, as seems
to be the case elsewhere (Raﬁqi et al., 2008; van der Zee et al., 2005).
The location and ﬁnal fate of the amniotic cells after dorsal closure
have been long standing open questions (Jura, 1972; Panﬁlio, 2008).
One possibility is that the amnion degenerates, and the ﬁnal location
of these cells has been supposed to be in the midgut, yolk, serosal
dorsal organ, or simply at the dorsal midline (Hagan, 1917; Kershaw,
1914; Masumoto and Machida, 2006; Mellanby, 1936; Miller, 1940;
Rakshpal, 1962; Uchifune and Machida, 2005; Wheeler, 1893).Alternatively, it has been conjectured that the amnion is not strictly
extra-embryonic, and rather becomes incorporated into the dorsal
epidermis (Truckenbrodt, 1979; Woodland, 1957). In Drosophila, cell
transplantation experiments initially suggested that amnioserosal
cells gave rise to pericardial cells (Technau, 1987), but it was shown
subsequently that the amnioserosa invaginates and forms an
enclosed, hollow structure – similar to the Oncopeltus dorsal organ –
before undergoing anoikis (Reed et al., 2004; Rugendorff et al., 1994).
In Oncopeltus caspase-dependent apoptosis occurs in the amnion
from mid dorsal closure onward, prominently in segmental clusters
and in an anteriorly advancing streak, but also at low levels along
much of the dorsal midline (Figs. 8–10, and Fig. S5). Thus, the Onco-
peltus amnion does seem to be solely extraembryonic.
Oncopeltus has a novel mode of dorsal closure compared to Drosophila
Late extraembryonic development in the fruit ﬂy is the relatively
straightforward replacement of the small, dorsal amnioserosa by the
embryonic ﬂanks. It initiates slightly earlier in the anterior, but
proceeds in a fairly symmetric fashion toward the middle of the back
from both the anterior and posterior ends (Jacinto et al., 2002b;
Kiehart et al., 2000). In contrast, Oncopeltus dorsal closure is
asymmetric along the A–P axis due to dorsal organ formation in the
anterior and the initiation of dorsal closure from the posterior
abdomen. The Oncopeltus amnion also covers a relatively (1.6×) and
absolutely (10×) much larger area of the egg surface than the ﬂy
amnioserosa (data not shown; cf. Fig. 8 and Kiehart et al., 2000).
Oncopeltus time-lapse movie data show that there are three
different phases to dorsal closure: embryo-initiated A–P waves,
smooth and rapid ﬂank expansion, and a long phase in which the
ﬁnal midline seam persists (Table 1, Fig. S4 and Movie S2). Fly dorsal
closure is divided into four phases: initiation, epithelial sweeping,
zippering, and termination (Jacinto et al., 2002b). As the bug phases
were determined by gross morphology and activity, whereas the ﬂy
phases pertain to cellular and mechanical changes, theses classiﬁca-
tions cannot be directly compared. However, what is clear is that the
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the posterior abdomen, seems to be without counterpart in Droso-
phila. Although individual cells of the Drosophila amnioserosa
undergo pulses of apical constriction, this does not occur in the
form of a propagating wave or other regularity passing through the
tissue (Solon et al., 2009). In Oncopeltus the contribution of A–P
waves to dorsal closure is unclear, but it occurs in all embryos from
the onset of dorsal closure and the ﬂanks do advance dorsally during
this period (Fig. S4). It has also been observed in other insects (data
not shown; Bullière, 1969).
Both the amnioserosa and the dorsal ectoderm participate in ﬂy
dorsal closure (Byars et al., 1999; Harden, 2002; Hutson et al., 2003;
Jacinto and Martin, 2001; Jacinto et al., 2000; Kiehart et al., 2000;
Laplante and Nilson, 2006; Reed et al., 2001; Solon et al., 2009;
Stronach and Perrimon, 2001). Nonetheless, initially the emphasis
had been on the embryonic tissue as an active force. It is the dorsal
ectoderm that advances, undergoing marked cell shape changes
during the D–V elongation of the leading edge cells and their
acquisition of a taut supracellular actin purse string at the front of
migration; and the ﬁnal phases of dorsal closure are effected by the
extrusion of actin-based processes – ﬁlopodia and lamellipodia – from
these cells (Jacinto et al., 2000, 2002a; Wood et al., 2002). In contrast,
the amnioserosa has been observed to reduce in surface area during
dorsal closure, but it does not undergo any remarkable structural
change. Thus it is only recently that more subtle features of the
amnioserosa have been investigated, including specialization of the
marginal cells in contact with the ectoderm, a radial gradient of
amnioserosal cell behavior, and differenceswithin the tissue along the
A–P axis (Gorﬁnkiel et al., 2009; Peralta et al., 2007; Solon et al., 2009;
Toyama et al., 2008; Wada et al., 2007).
The descriptive ﬁrst impression presented here of Oncopeltus
dorsal closure is the converse to that of the ﬂy: one of themost striking
aspects is the heterogeneous structure of the amnion, and the limited
change that is apparent in the embryonic tissue. In early bug dorsal
closure, the transverse stress ﬁbers in the amnion may reﬂect tension
as the amnion is stretched over the yolk as the provisional dorsal cover
(Fig. 8A″, E″), as mentioned above. On the other hand, the orientation
of the ﬁbers could indicate an active, contractile function for the
amnion at least from the beginning of dorsal closure (also Figs. 9A, B;
Burridge, 1981; Deguchi and Sato, 2009; Pellegrin and Mellor, 2007).
This is consistent with the observation of orientedmicrotubules in the
amnion (Dorn, 1976). The early occurrence of apoptosis in the thoracic
bilateral clusters, prior to their convergence at the dorsal midline, and
increased F-actin abundance in the clusters (Figs. 8–10 and Fig. S5),
could reﬂect a special measure for reducing amnion cell number and
generating sufﬁcient contractile force in the widest part of the
extraembryonic tissue, which does ‘catch up’ due to a faster rate of
closure in the thorax than in the abdomen (Figs. 8C–H, analyses not
shown). This hypothesis is in keeping with recent considerations of
tissue tension and apoptosis as a force-generating process (Solon et al.,
2009; Toyama et al., 2008), although the biomechanical context must
be carefully deﬁned in order to test such predictions (Gorﬁnkiel et al.,
2009). Furthermore, the ﬁnal bottle shape of the last amniotic cells,
with high levels of apical F-actin at the dorsal midline above an
apoptosing nuclear body (Fig. 10), suggests that dorsal closure
involves contraction of the amnion throughout this process. This is
similar to the bottle shape of the contracting ﬂy amnioserosa cells as
they leave the dorsal surface, although amnioserosal cells do not
degenerate at this time or in this location (Reed et al., 2004;
Rugendorff et al., 1994). Alternatively, the ﬁnal midline F-actin puncta
may serve as a provisional “glue” at the midline seam, possibly in the
form of lamellipodial extensions or other actin-based cellular protru-
sions (Jacinto and Martin, 2001), and thus may be a structural
component as much as a sign of active amniotic contraction.
What is not clear from the Oncopeltus data is the relative
contribution of the embryonic ectoderm to dorsal closure. The actinprotrusions that have been described in the ﬂy are dynamic
structures for which the present study lacks sufﬁcient resolution.
What can be seen is that there is no discrete leading edge of cells
arranged in a single row that present a supracellular actin cable at the
medial edge. Rather, the dorsalmost embryonic cells lack an
organized edge and exhibit almost no elongation in the direction of
their migration (Figs. 9F, 10A1–D1), features that are more typical of a
relaxed epithelium than one undergoing or exerting substantial
mechanical force. The most prominent structures in the Oncopeltus
ﬂank are the racing stripes (Fig. 9), which, although comprised of a
single cell row, are very different from the ﬂy leading edge, as the
cells are characterized by actin cables on both the medial and lateral
sides and are set back from the leading edge. Particularly in light of
the presence of two actin cables and thus the absence of medial–
lateral polarity, and the size of the bug embryonic ﬂank, it is plausible
that the racing stripes are relatively static and provide structural
support. Whereas the ﬂy leading edge functions both in contraction
for closure and in restraint (Jacinto et al., 2002b; Solon et al., 2009),
the latter function may require this novel and more substantial
structure in the bug.
Conclusions, outlook
The many unanswered questions and hypotheses raised by this
work concern both the mechanics of the morphogenetic movements
and the genetic regulation of these processes. The former is relatively
tractable in a non-model organism, but a molecular dissection
requires a system that has both the biology and the tools necessary,
which precludes both the ﬂy and the bug, respectively. An alternative
system that has both requirements is the beetle Tribolium castaneum,
which is increasingly being developed as an alternative insect model
(Lynch et al., 2010; Roth and Hartenstein, 2008; Tribolium Genome
Sequencing Consortium, 2008). We offer here only a few examples of
the outstanding questions in insect extraembryonic development.
After rupture, where do the cells of the serosal window go? For
example, do they curl back on and contribute to the border region, or
do they die? In katatreptic species, does the anterior–ventral focus of
precociously columnar cells derive from cells at the anterior pole?
What would happen to katatrepsis if this structure were ablated? At
early dorsal closure, how do the bilateral, thoracic clusters in the
amnion arise? They ﬁrst appear somewhere in the middle of the
amnion, neither adjacent to embryonic tissue nor at the dorsal
midline. Are they induced by some diffusible signal from the
embryonic ﬂank, comparable to the decapentaplegic gene product
during Drosophila dorsal closure (Fernández et al., 2007; Jacinto and
Martin, 2001; Wada et al., 2007)? Such a signal would have to be
speciﬁc to the thorax, segmentally regulated, and with speciﬁc
threshold detection or regulation requirements to establish the
clusters at a distance from the ﬂank. Once the clusters exist, what
exactly is their function and what is the mechanism of their
convergence at the dorsal midline? What behaviors of, and structures
in, the embryonic ectoderm contribute to dorsal closure?
Overall, this study answers the question of how katatrepsis and
dorsal closure are achieved at the level of cellular reorganization in
the context of epithelial sheets. This is a ﬁrst description at the
histological and whole-egg level of the entire process of late
extraembryonic development, from formation of the serosal window
through dorsal closure. The entire repertoire of events is common to
nearly all hemimetabolous insects, and many events – membrane
fusion, rupture, serosal contraction, dorsal organ formation, and
dorsal closure – also occur during holometabolous embryogenesis.
The complexity of the morphogenetic movements is remarkable in
itself, and the ways in which processes differ from Drosophila, or
indeed, have no counterpart in the fruit ﬂy, support the argument for
further study, in additional species, of developmental events that are
essential to the viability of the embryo.
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